The present study analyzes the effect of pressure dam depth and relief track depth on the performance of three-lobe pressure dam bearing. Different values of dam depth and relief track depth are taken in nondimensional form in order to analyze their effect. Results are plotted for different parameters against eccentricity ratios and it is shown that the effect of pressure dam depth and relief track depth has great significance on stability and other performance parameters. Study of stability and performance characteristics is undertaken simultaneously.
Introduction
In present time, the industry is required to run the turbomachines for long time at high speeds. The most commonly used cylindrical bearings are found to be unstable at high speed. It is found that stability can be increased by using noncircular bearing instead of circular bearing. Further, use of pressure dam makes the bearing very stable at high speeds. The stability analysis of finite length bearing was carried out by Nicholas and Allaire [1] . Nicholas et al. [2] reported experimental whirl frequency ratio (WFR) for near optimum pressure dam bearings supporting flexible rotors. The effect of ellipticity ratio on the performance of displaced centre bearing is observed and found that there is an increase in vertical stiffness with increase in ellipticity [3] . Performance analysis of three-lobe pressure dam bearing was carried out by Mehta and Rattan [4] and found that it has very high value of minimum threshold speed and zone of infinite stability. The relief track width is one of the important parameters that affect the performance of pressure dam bearings. Lund and Thomson [5] had done the analysis of steady-state and dynamic characteristics of grooved, two-lobe, and three-lobe bearings and presented the result in tabular form. In the same line, Soni et al. [6] studied two-lobe journal bearing using linearized turbulent lubrication theory by FEM and Galerkin's technique.
Kumar et al. [7] had done the detail study and analysis of two-lobe pressure bearing and shown the superiority of these bearings over conventional circular bearing. Static and dynamic characteristics of orthogonally displaced pressure dam bearing had been studied by Mehta [8] . Mehta and Singh [9] studied the dynamic behavior of offset half pressure dam bearing. Effect of micropolar lubrication couple stress fluids on two-lobe and multilobe pressure dam bearing was studied by many researchers. In this line, Sharma and Ratan [10] studied the performance of two-lobe pressure dam bearings under micropolar fluid lubrication and found an increase in load carrying capacity.
From the available literature, it has been proven that incorporation of pressure dam and relief track is useful in improving the stability of a multilobe pressure dam bearing. So, the pressure dam depth, relief track depth, pressure dam axial width, relief track axial width, pressure dam circumferential length, and relief track circumferential length are supposed to have great influence on static and dynamic behaviors of two-lobe and multilobe pressure dam bearings. Therefore, the present study has been undertaken to investigate the effect of pressure dam depth and relief track 
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Step depth on the steady-state and dynamic characteristics of twolobe and three-lobe pressure dam bearings. Figure 1 shows the schematic diagram of three-lobe pressure dam bearing, whereas Figure 2 shows different lobes with pressure dam and relief track. O 1 , O 2 , and O 3 are the center of lobes 1, 2, and 3, respectively. Each lobe of the bearing is circular but the geometric configuration of the bearing is not. Lobe 2 and lobe 3 are provided with a rectangular pressure dam of depth and width (axial length) . Similarly, lobe 1 is provided with relief track of depth and width . Each dam subtends an angle of 90 ∘ at the center starting from the beginning of the individual lobe. Bearing is provided with three oil supply holes of 10 ∘ at 0 ∘ , 120 ∘ , and 240 ∘ . Two different clearances are shown: a minor clearance ( ) for the centered shaft and a major clearance ( ) for the circle circumscribed by the lobe radius. So, the center of each lobe is shifted by a distance , which is given by = − , and this is nondimensionalized by dividing it by major radial clearance ( ) which is known as ellipticity ratio; that is, = / = 1 − / .
Theory
From the geometry, eccentricity ratios of individual lobes are given as
Similarly, attitude angles of individual lobes are given as
Reynolds equation for incompressible, nonviscous laminar flow for hydrodynamic lubrication is given as
This equation in nondimensionalized (by using substitutions) form is given as
Equation (2) is the nondimensional Reynolds equation for dynamic state condition. Let 0 and 0 be the steady-state eccentricity ratio and attitude angle, respectively. Now, considering that the journal whirls with small amplitude about its mean steady-state position and considering only firstAdvances in Tribology 3 order perturbation (neglecting higher order term), nondimensional pressure and film thickness can be expressed as [11] 
On substituting and ℎ in (4) and equating coefficient of 0 , 1 , and 0 1 , the following set of three equations is obtained when higher-order terms are neglected:
Equation (6) gives the steady-state pressure distribution and (7) and (8) give the dynamic pressure distribution in each individual lobe.
On solving these equations, the following steady-state pressure and dynamic pressure are obtained:
where 
Boundary conditions used for the steady-state pressure and dynamic pressure distribution are as follows:
is starting angle of groove with respect to the vertical axis, is angle at which the groove ends with respect to the vertical axis, and is angle at which the film cavitates with respect to vertical axis.
Since the pressure distribution is symmetrical about the center line, only half of the bearing has been analyzed. The nondimensionalized pressure distribution equations are solved by using finite difference method (FDM). Each half of the bearing is divided into 88 and 16 elements along circumferential length and axial length, respectively. GaussSeidel method with successive overrelaxation technique satisfying boundary conditions has been used for the numerical integration.
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The convergence criterion has been taken as
Since the load is acting in vertical direction ( ), the attitude angle keeps on changing till the horizontal component becomes zero for each eccentricity ratio.
The present analysis has been carried out for the bearing with the following parameters: The present study considers the ellipticity ratio ( ) = 0.5 and / = 1. However, dam depth ratio and relief track ratio are not constant. At a time, one of these two variables is kept constant and the other one is varied in a certain range and the effect of the variable parameter over the performance parameter is analyzed.
Direct and cross-coupled nondimensional dynamic coefficients (stiffness and damping coefficients) are determined by separating real and imaginary parts of horizontal and vertical dynamic loads.
Horizontal and vertical components of dynamic load due to dynamic pressures 1 and 2 are given, respectively, as
Nondimensional mass parameter, flow coefficient, friction variable, and Sommerfeld number are given as
The nondimensional film thickness in the entire rectangular pressure dam region is given as
Similarly, for the relief track region,
where ℎ 0 = 1 + cos( − ); = 1, 2, and 3 for lobes 1, 2, and 3, respectively. Since is closely related to the journal rotational speed and journal mass is normally constant, it is more convenient to define a speed parameter which is equal to square root of .
Results and Discussion
Various performance parameters have been plotted against eccentricity ratio ( ) for different pressure dam depth ratio ( ) and relief track depth ratio ( ). In the first section, the effect of the relief track depth ratio has been shown by keeping other parameters constant ( = 0.75; = 0.5; = 0.75). Relief track depth ratio has been taken as ( = 0.2, 0.4, 0.6, 0.8, and 1.6). In the second section, the effect of the pressure dam depth ratio has been shown by keeping other parameters constant ( = 1.6; = 0.5; = 0.75). Dam depth ratio has been taken as ( = 0.2, 0.3, 0.8, and 1.4).
Throughout the study, / ratio has been taken as 1.0 and ellipticity ratio ( ) has been taken as 0.5. Figures 3-7 show the effect of relief track depth ratio on the steady-state parameters. Load carrying capacity decreases with increase in . As shown in Figure 3 , the variation in relief track depth ratio between 0.2 and 0.6 has a significant effect on load carrying capacity but as the relief track depth ratio goes beyond 0.6, the variation in load carrying capacity becomes very minor. Presence of relief track increases the film thickness and hence pressure at the bottom of the shaft decreases; consequently the load carrying capacity also decreases. Attitude angle of bearing decreases with increase in relief track depth ratio as seen in Figure 4 . For higher value of relief track depth ratio, the attitude angle first increases with eccentricity ratio and then decreases.
The behavior of flow coefficient is more or less similar to the load carrying capacity. Figure 5 shows that flow coefficient also decreases with increase in relief track depth ratio and for a given relief track depth ratio flow coefficient increases with increase in eccentricity ratio.
The Sommerfeld number and friction variable behave in similar manner for different relief track depth ratio as shown in Figures 6 and 7 , respectively. In both cases, as the relief track ratio increases, the Sommerfeld number and friction variable also increase, but, for a given relief track depth ratio, these keep on decreasing with increase in eccentricity ratio. For all relief track depth ratio, Sommerfeld number and flow coefficient converge at eccentricity ratio of 0.441. Figures 8-11 show the variation in dynamic coefficients with eccentricity ratio for different relief track depth ratio. Figure 8 depicts that and increase with increase in but with increase in eccentricity ratio for given , first decreases and then increases, whereas keeps on decreasing. For all the value of , is found to be converging at an eccentricity ratio of 0.441. Figure 9 shows the variation in cross-coupled stiffness coefficient with eccentricity ratio for different value of .
increases with increase in , whereas decreases with increase in . For given , there is a decrease in but an increase in can be seen. Figures 8 and 9 also depict that both direct and crosscoupled stiffness coefficients increase with increase in relief track depth ratio. As a result of this, the bearing gets more and more stiff. The behavior of direct damping coefficient and crosscoupled damping coefficient can be seen from Figures 10 and 11. Both direct and cross-coupled damping coefficients increase with increase in relief track depth ratio. The direct and cross-coupled damping coefficients converge with eccentricity ratio for all the given relief track depth ratios and these become almost equal for eccentricity ratio of 0.441. Figure 12 shows the effect on mass parameter which determines the stability of the bearing. As the relief track depth ratio increases, the mass parameter increases and hence the stability also increases. Beyond eccentricity ratio of 0.4, mass parameter shows negative value for all relief track depth ratio. Negative value of mass parameter shows that the bearing is stable for all speeds [12] . The bearing becomes infinitely stable beyond = 0.35 for = 1.6. Figure 13 shows that, with increase in relief track depth ratio, the whirling tendency of shaft reduces. This reduction in whirling tendency improves the stability of the shaft. For the relief track depth ratio up to 0.8, the plot shows the whirl ratio up to 0.389 eccentricity ratio but for = 1.6 it shows Advances in Tribology only up to 0.351 eccentricity ratio. This is because of the reason that in case of = 1.6 the bearing goes to the infinite stability zone after = 0.351, whereas in case of = 0.2 to 0.8 bearing attains the infinite stability after = 0.389.
The dam depth ratio shows different behavior compared to the relief track depth ratio. Pressure dam is provided in the upper half of the bearing by providing a step. When the lubricating oil passes through this passage due to step provided, a high pressure zone is created which pushes the bearing downward. This high pressure results in increase in apparent load on the bearing. Consequently, the whirling tendency of shaft is reduced and bearing shows better stability even at low load and high speed condition. Figure 14 shows that there is no significant change in load carrying capacity with dam depth ratio. In general, load carrying capacity is observed to increase, with increase in eccentricity ratio for all the value of dam depth ratio.
With increase in dam depth ratio, attitude angle increases for a given eccentricity ratio. It can also be observed from Figure 15 that, for a given dam depth ratio, as the eccentricity ratio increases, the attitude angle first increases and attains its maximum value near about 0.289 eccentricity ratio and then decreases.
The flow coefficient decreases as the dam depth ratio increases for a given eccentricity ratio; however, flow coefficient increases with increase in eccentricity ratio for a given dam depth ratio, as seen in Figure 16 . Keeping the eccentricity ratio constant, the dam depth ratio shows significant decrease in flow coefficient up to = 0.8, but beyond that the change in flow coefficient becomes negligible.
Sommerfeld number and friction variable show the same behavior with dam depth ratio. As shown in Figures 17 and  18 , the Sommerfeld number and friction variable decrease with increase in dam depth ratio. The effect of dam depth ratio is dominant for lower eccentricity ratio but, beyond the eccentricity ratio of 0.2, Sommerfeld number and friction variable become almost constant for all the value of dam depth ratio. Figures 19-22 show the variation in direct and crosscoupled stiffness and damping coefficients. For the lower eccentricity ratios, reduction in stiffness and damping coefficient is shown with increase in dam depth ratio. But, for any given eccentricity ratio beyond 0.2, becomes more or less the same for all the values of dam depth ratio as seen in Figure 19 . For different dam depth ratio, both and converge separately at higher eccentricity ratio. Figure 19 also shows that has higher value than for a given dam depth ratio and eccentricity ratio but as the eccentricity ratio increases, becomes higher than . Figure 20 shows that decreases with increase in dam depth ratio for a given eccentricity ratio but as the eccentricity ratio increases both and become constant separately for any given dam depth ratio. For higher eccentricity ratios, becomes the same for all the dam depth ratios and the same can be seen for . In case of direct damping coefficient, as the dam depth ratio increases, both and decrease. For any given value of dam depth ratio and eccentricity ratio less than 0.2, is higher than , but, for the same dam depth ratio and eccentricity ratio more than 0.2, has higher value than . At = 0.2, both and have the same value for given dam depth ratio as seen in Figure 21 . For all dam depth ratios, converges at = 0.441 and the similar situation has been observed for . Figure 22 shows that cross-coupled damping coefficient decreases as the dam depth ratio of three-lobe pressure dam bearing increases. For a given dam depth ratio, the difference between and is very less. For the lower eccentricity ratio (up to 0.25), is higher than , but, for higher eccentricity ratio (beyond 0.25), exceeds . Lower dam depth ratio shows more influence on and than the higher dam depth ratio.
For the lower eccentricity ratio (up to 0.25), mass parameter decreases with increase in dam depth ratio but as the eccentricity ratio increases and goes beyond 0.25, the pattern changes and the bearing with higher dam depth ratio shows higher stability as the mass parameter increases as seen in Figure 23 . Bearing becomes infinitely stable beyond eccentricity ratio of 0.35 for dam depth ratio of 0.8 and 1.4, whereas bearing attains infinite stability after eccentricity ratio of 0.4 in case of dam depth ratio of 0.2 and 0.3. Figure 24 shows that, with increase in dam depth ratio, the whirling tendency of shaft reduces. This reduction in whirling tendency improves the stability of the journal. 
Conclusion
From the study carried out here, the following conclusions are made:
(1) As the relief track depth ratio increases, the stiffness of the bearing increases. As a result of that, the threshold speed and zone of infinite stability increase.
(2) With increase in relief track ratio, load carrying capacity, attitude angle, and flow coefficient decrease, whereas Sommerfeld number and friction variable increase.
(3) Relief track ratio between 0.2 and 0.6 has much significant effect on load carrying capacity and flow coefficient for a given eccentricity ratio but, for higher relief track ratio, this effect becomes insignificant.
(4) For a given eccentricity ratio, the effect of pressure dam depth ratio on load carrying capacity is almost negligible.
(5) Pressure dam depth ratio does not have significant effect on performance parameters of journal bearing if eccentricity ratio goes beyond 0.2. (6) The incorporation of pressure dam and relief track in a three-lobe journal bearing increases the stability and threshold speed but the depth of pressure dam and relief rack has to be set very carefully because it has great significance on overall performance. 
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